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The structures, optical and electrical transport properties of SnO2 films, fabricated by rf sput-
tering method at different oxygen partial pressures, were systematically investigated. It has been
found that preferred growth orientation of SnO2 film is strongly related to the oxygen partial pres-
sure during deposition, which provides an effective way to tune the surface texture of SnO2 film.
All films reveal relatively high transparency in the visible range, and both the transmittance and
optical band gap increase with increasing oxygen partial pressure. The temperature dependence
of resisitivities was measured from 380 K down to liquid helium temperatures. At temperature
above ∼80 K, besides the nearest-neighbor-hopping process, thermal activation processes related to
two donor levels (∼30 and ∼100 meV below the conduction band minimum) of oxygen vacancies
are responsible for the charge transport properties. Below ∼80 K, Mott variable-range-hopping
conduction process governs the charge transport properties at higher temperatures, while Efros-
Shklovskii variable-range-hopping conduction process dominates the transport properties at lower
temperatures. Distinct crossover from Mott type to Efros-Shklovskii type variable-range-hopping
conduction process at several to a few tens kelvin are observed for all SnO2 films.
PACS numbers: 73.61.Le, 81.15.Cd, 73.50.Bk
I. INTRODUCTION
In recent years, great interest has been focused on
SnO2 due to its importance in many technical fields, such
as gas sensors,1 solar cells,2 and optoelectronic devices.3
The nominally undoped (unintentional doped) SnO2 is a
transparent metal-oxide semiconductor which is natively
n-type and usually has a resistivity in the range of 1-
100 Ω cm.4 The optical transparency of SnO2 thin films
can be up to 97% in the visible range (for films of thick-
ness 0.1-1 µm) with a direct optical band gap of 3.6-4.2
eV.5,6 The conductivity of SnO2 film can be greatly en-
hanced by doping small amount of fluorine, antimony,
tantalum and other dopants.7–9 Currently, fluorine doped
SnO2 (FTO) film is one of the widely used transparent
conducting oxide (TCO) materials. In addition, the p-
type conductivity, which is crucial in fabricating trans-
parent p-n junction, was recently observed in Li, In, Al,
and N doped SnO2,
3 which further stimulates the stud-
ies on SnO2 materials. The influences of the fabricating
method and fabricating condition on the structures, elec-
trical transport and optical properties of SnO2 films had
been extensively investigated.7 The electrical transport
properties of different forms of SnO2 such as nanobelt,
nanowire, and thin films had also been studied.10–12 How-
ever, the origins of electrical conductivity as well as the
charge transport mechanisms of SnO2 have not been fully
understood, which seriously limits optimizing the prop-
erties of this material. Thus detailed measurements of
the temperature behavior of resistivities over a wide tem-
perature range and then extracting the charge transport
mechanisms in SnO2 films are necessary and nontrivial.
In the present paper, we systematically investigated
the temperature dependence of resistivities from liquid
helium temperatures to 380 K for seven polycrystalline
SnO2 films deposited by rf sputtering method at differ-
ent oxygen partial pressures. (It is known that the car-
rier concentrations in SnO2 films are seriously influenced
by the oxygen contents.) The electrical transport pro-
cess was found to be dominated by thermal activation
and variable-range-hopping (VRH) processes at high and
low temperatures, respectively. Particularly, a transition
from Mott type to Efros-Shklovskii (ES) type VRH con-
duction process was observed for all the samples. The
variations in surface morphologies and optical properties
with oxygen partial pressure for the films were also stud-
ied.
II. EXPERIMENTAL METHOD
The SnO2 thin films were deposited on quartz glass
by standard rf sputtering method. A SnO2 target (with
diameter of 60 mm and 5 mm thick), synthesized by the
traditional ceramic process, was used as the sputtering
source. SnO2 powders with 99.9% purity were ground
by ball milling for 12 h before being compressed into a
disk. The disk was calcined at 1673 K in air for 12 h and
then furnace cooled. The base pressure of the chamber
was pumped to 1.0×10−4 Pa and then a mixture gas of
Ar and O2 (both were 99.999% purity) was introduced
as the sputtering gas. Oxygen partial pressure (Opp) was
controlled (0, 0.5%, 1%, 1.5%, 5%, 10%, and 20%) by
adjusting the flux ratio of Ar to O2 and the pressure of
chamber was maintained at 1 Pa. The substrate temper-
ature and the sputtering power were kept at 973 K and
2150 W, respectively.
Film thickness (∼1 µm) was determined by a sur-
face profiler (Dektak, 6 m). Crystal structures of the
films were measured in a powder x-ray diffractometer
(D/MAX-2500, Rigaku) with Cu Kα radiation. The
surface morphology of SnO2 thin films was character-
ized by a scanning electron microscope (SEM, S-4800,
Hitachi). The resistivity was measured by the stan-
dard four-probe technique. A Keithley 236 unit and a
Keithley 2182A nano-voltmeter were used as the current
source and voltmeter, respectively. The temperature en-
vironment was provided by a physical property measure-
ment system (PPMS-6000, Quantum Design). Optical
absorption and transmittance spectra were measured in a
UV-VIS-NIR scanning spectrophotometer (UV-3101 PC,
SHIMADZU).
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FIG. 1. (color online) XRD patterns of SnO2 thin films de-
posited under different oxygen partial pressures (0, 0.5%, 1%,
1.5%, 5%, 10%, and 20%).
III. RESULTS AND DISCUSSION
Figure 1 shows the XRD patterns of the SnO2 thin
films deposited at different oxygen partial pressures.
Samples were numbered from 1 to 7 according to the
oxygen partial pressures (0, 0.5%, 1%, 1.5%, 5%, 10%,
and 20%) during deposition. Comparing to the stan-
dard PDF card (No. 41-1445), one can know that the
films have tetragonal rutile-type structure and there is no
secondary phase. The lattice constants are a≈4.742 A˚,
c≈3.189 A˚, and insensitive to the oxygen contents, while
the preferred growth orientation varies with the variation
in oxygen partial pressure. The strongest peak is from
the diffraction of (002) plane for sample No. 1, while it
becomes (200) plane for sample Nos. 2 and 3. For sample
No. 4, the diffraction corresponding to the (101) plane
is the strongest peak. With further increasing oxygen
contents, the relative intensity of (101) peak is obviously
reduced and the relative intensity of (111), (211), and
(112) peaks increased sharply. The different preferred
growth orientations would lead to different surface tex-
ture of the films, which is important in improving the
efficiency of solar cells.2 Our results indicate that alter-
ing the oxygen partial pressure in the sputtering process
is an effective way to tune the texture of SnO2 films.
FIG. 2. (color online) SEM images of SnO2 thin films de-
posited under oxygen partial pressures of: (a) 0, (b) 1%, (c)
1.5%, (d) 5%.
Figure 2 shows the SEM images for four representative
films. The variation in the texture of the films can also
be seen in the morphologies of the films. Films Nos. 1 to
3 show square based pyramid-like structures. Film No.
4 shows a gravel-like morphology. Films Nos. 5 to 7 ex-
hibit triangular pyramidal shape grains. According to the
morphology simulation results by Smith,13 the variation
in surface morphology is consistent with the change in the
preferred growth orientation observed in XRD measure-
ments. The mean grain size D was obtained by surveying
∼60 grains in each film and was listed in Table I. The
grain size shows a decrease trend with increasing oxygen
partial pressure, which may be related to the variation
in the preferred orientations of the films.
Figure 3 shows the optical transmittance (TR) versus
wavelength for four representative SnO2 films, as indi-
cated. Here the transmittance TR is the intensity ratio of
transmitted light to incident light, i.e., TR=I/I0. From
Fig. 3, we can see that all films exhibit relatively high
transparencies in the visible range (390-780 nm). At a
certain wave range of visible spectra, the transparency
of the film enhances with increasing oxygen partial pres-
sure. In addition, the absorption edge slightly shifts to
shorter wavelength side with increasing oxygen content.
Since the relation between transmittance and absorption
coefficient (α) is TR=exp(−αd) (where d is the thickness
of the film), one can readily obtain the absorption coef-
ficient versus photon energy hν from the data in Fig. 3.
Theoretically, the relationship between absorption coeffi-
3cient and the incident photon energy can be written as14
(αhν)1/n = A(hν − Eg), (1)
where A is a constant and Eg is the band gap. Using
n=1/2 for direct band gap transition, the values of Eg
were obtained by extrapolating the linear portion of the
plot to (αhν)2=0. The inset of Fig. 3 shows the obtained
Eg value versus oxygen partial pressure. Clearly, the
optical band gap of the film increases with oxygen partial
pressure which is in accordance with the blue shift of the
absorption edge. The oxygen vacancies are often treated
as the main reason for the opaque of SnO2 thin films.
15
Thus, the enhancement in the transmittance and optical
band gap of the films can be attributed to the reduction of
oxygen vacancies with increasing oxygen partial pressure.
Figure 4 shows the resistivities as functions of recip-
rocal temperature from 380 K down to liquid helium
temperatures for four representative films, as indicated.
Inspection of this figure indicates that the resistivity in-
creases with decreasing temperature over the entire mea-
sured temperature range which shows a typical semicon-
ductor behavior in the electrical transport property. At a
certain temperature, the film deposited under lower oxy-
gen partial pressure possesses smaller resistivity, e.g., the
resistivity of sample No. 7 is about 1000 times larger than
that of sample No. 1 at 10 K. Our observation supports
Kılıc¸ and Zunger’s prediction that oxygen vacancies are
the main electron suppliers in SnO2.
5
We analyze the carrier transport processes in high tem-
perature regions. In Fig. 5, we replotted the resistivities
as functions of reciprocal temperature from ∼80 to ∼380
K for the four representative SnO2 thin films. The high
temperature conduction process in n-type semiconductor
usually comes from the electrons hopping from the shal-
low donor levels to the conduction band which can be ex-
pressed by the Arrhenius function ρ(T )−1=ρ−10 e
−Ea/kBT .
However, no straight lines can be found in Fig. 5. Ac-
cording to Samson and Fonstad,16 the oxygen vacancies
in SnO2 can form two donor levels, one is a shallow donor
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FIG. 3. (color online) Room temperature optical transmission
spectra of four SnO2 thin films, as indicated. The inset shows
the values of optical band gap versus oxygen partial pressure.
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FIG. 4. (color online) Variation in the logarithm of resistiv-
ity with reciprocal temperature for four SnO2 thin films, as
indicated.
TABLE I. Values of relevant parameters for seven oxygen de-
ficient SnO2 polycrystalline films. ρi (i=1, 2, 3) and Ei are
defined in Eq. (2). D is the mean grain size of the films.
Film Opp D ρ1 E1 ρ2 E2 ρ3 E3
No. (%) (nm) (Ω cm) (meV) (Ω cm) (meV) (Ω cm) (meV)
1 0 141 0.067 105 0.297 30.8 1.01 3.82
2 0.5 144 0.055 91 0.228 32.6 1.38 4.12
3 1 132 0.064 114 0.316 34.5 3.06 4.45
4 1.5 98.3 0.078 102 0.621 35.7 5.59 5.60
5 5 78.1 0.127 108 2.92 31.3 16.9 8.29
6 10 70.3 0.097 119 1.42 36.4 18.6 6.39
7 20 75.4 0.154 114 1.77 37.0 17.7 7.81
level (∼30 meV below the conduction band minimum),
the other is an intermediately deep donor level (∼100
meV below the conduction band minimum). In addition,
the electrons in the impurity band can also take part in
the conducting process by hopping from an occupied site
to the nearest empty site via phonon assistance [which is
called nearest-neighbor-hopping (NNH) process] at inter-
mediate temperature range.17 (Note that the NNH con-
duction also has an Arrhenus form.) Thus, we tentatively
fit our ρ(T ) data by
ρ(T )−1 = ρ−11 e
−E1/kBT + ρ−12 e
−E2/kBT + ρ−13 e
−E3/kBT ,
(2)
where ρ1, ρ2, and ρ3 are prefactors independent of tem-
perature, E1 and E2 are the activation energies associ-
ated with the two donor levels, and E3 is the activation
energy of the NNH process. The theoretical predications
of Eq. (2) are also shown in Fig. 5 (the solid curves), from
which one can see that the measured ρ(T ) data can be
well described by Eq. (2). [Precisely, samples Nos. 1 to
4 can be fitted by Eq. (2) from 60 to 380 K, and samples
Nos. 5 to 7 can be fitted from 90 to 380 K.] The relevant
4parameters obtained in the fitting processes are listed in
Table I. Inspection of Table I indicates that the values
of E1 and E2 are ∼100±20 meV and ∼30±7 meV, re-
spectively, which are consistent with the activation ener-
gies of the two donor levels of oxygen vacancies.16 While
the value of E3 varies from 3.82 to 8.29 meV, which is
in good accordance with the activation energy of NNH
conduction.4,10,18
The empty sites among the nearest neighbors will de-
crease dramatically with decreasing temperature. At
sufficient low temperatures, the NNH process would
be quenched and the electrons will hop to empty sites
that are not nearest to them but have smaller energy
discrepancies.20 In this case, there are usually two forms
of hopping. At relatively high temperatures, Mott sug-
gested the VRH conduction in the form of19–21
ρ(T ) = ρMe
(TM/T )
1/4
, (3)
for three dimensions, where ρM is a temperature inde-
pendent prefactor and TM is a characteristic tempera-
ture. The Mott VRH conduction theory is based on a
constant density of states (DOS) near the Fermi level.
The characteristic temperature can be written as21
TM =
18
kBN(EF )ξ3
, (4)
where N(EF ) is the DOS without long range coulomb
interactions and ξ is the relevant electron localization
length. When the temperature is further decreased, the
Coulomb interactions between the charge carriers should
be considered. In this situation, ES found that the elec-
tronic DOS in the vicinity of EF is no longer a constant,
and a soft gap (Coulomb gap) will form in the DOS near
the Fermi energy. When the influence of the Coulomb
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FIG. 5. (color online) Logarithm of resistivity as a function
of reciprocal temperature for four SnO2 thin films from ∼80
to ∼380 K, as indicated. The symbols are the experimental
data and the solid curves are least-squares fits to Eq. (2).
gap can no longer be ignored, the temperature depen-
dence of resistivity would become21,22
ρ(T ) = ρESe
(TES/T )
1/2
, (5)
where ρES is a temperature independent prefactor and
TES is a characteristic temperature. The characteristic
temperature TES is given by
21,22
TES =
β1e
2
ǫξkB
, (6)
where β1 is a constant with a value of ≃2.8, ǫ is the
dielectric constant of the material. In ES VRH model,
the width of the Coulomb gap is22
∆CG =
e3
√
N(EF )
ǫ3/2
. (7)
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FIG. 6. (color online) Log-log plot of w=−∂ ln ρ/∂ lnT versus
T for samples (a) No. 5 and (b) No. 7. The solid lines are
the linear fits to the data.
To check whether the Mott and ES types VRH pro-
cesses exist in our samples, we plotted w against T
on double logarithmic scales, where w is defined as
w(T )=−∂ ln ρ/∂ lnT .23 Using the general form of VRH
conduction ρ(T )=ρ0 exp(T0/T )
x, one can obtain the ex-
pression logw≃log(xT x0 )−x log T . Thus when the hop-
ping mechanisms dominate the carrier transport pro-
cesses, one can get the magnitudes of exponent x from
the slopes of the linear parts in logw versus logT data.
Figure 6 shows w as a function of T in double-logarithmic
scales from ∼10 to 70 K for two representative films
(Nos. 5 and 7). Clearly, there are two distinct linear
parts in each curve, which suggests the existence of two
different hopping mechanisms in our films at low tem-
peratures. The values of x obtained from each plot are
∼0.56 and ∼0.25 at lower temperature region and higher
temperature region, respectively, which suggests that the
crossover from ES VRH (x∼0.56) to Mott VRH (x∼0.25)
process occurs with increasing temperature. For samples
Nos. 5 and 7, both the crossover temperatures are around
40 K.
5TABLE II. Values of relevant parameters for seven oxygen deficient SnO2 polycrystalline films studied in this work. ρM , TM
and ρES, TES are defined in Eq. (3) and Eq. (5), respectively. Tcross and T
′
cross are the crossover temperatures from Mott to
ES VRH conduction which were obtained from theoretical calculation and observation of the data plot, respectively. ∆CG is
the value of the Coulomb gap. W hop,Mott and W hop,ES are the average hopping energies of electrons.
Film No. ρM TM ρES TES Tcross T
′
cross ∆CG W hop,Mott W hop,ES
(Ω cm) (K) (Ω cm) (K) (K) (K) (meV) (meV) (meV)
1 0.151 2780 1.86 31.6 5.76 4 0.262 1.57×10−4T 3/4 2.43×10−4T 1/2
2 0.302 2159 2.95 26.2 5.07 6 0.223 1.47×10−4T 3/4 2.21×10−4T 1/2
3 0.282 7172 5.65 49.6 5.49 8 0.320 1.98×10−4T 3/4 3.04×10−4T 1/2
4 0.361 13053 8.84 81.2 8.07 8 0.496 2.30×10−4T 3/4 3.88×10−4T 1/2
5 0.060 155608 2.55 688 48.7 40 3.55 4.28×10−4T 3/4 1.13×10−3T 1/2
6 0.039 187461 2.04 746 47.5 40 3.65 4.49×10−4T 3/4 1.18×10−3T 1/2
7 0.043 195370 2.27 771 48.6 40 3.75 4.53×10−4T 3/4 1.20×10−3T 1/2
The experimental ρ(T ) data at higher and lower tem-
perature regions are least-squares fitted to Eq. (3) and
Eq. (5), respectively, and the results are shown in Fig. 7.
For samples Nos. 1 to 4, the experimental data can be
well described by Eq. (3) in temperature range of ∼10
K to ∼40 K. For samples Nos. 5 to 7, the correspond-
ing temperature range is ∼40 K to ∼70 K. Outside the
above temperature regions, the ρ(T ) data deviates from
the predication of Eq. (3). The deviation parts are quite
coincide with the predication of Eq. (5) below ∼10 K for
samples Nos. 1 to 4 and ∼30 K for samples Nos. 5 to
7. Thus, the crossover from the Mott to ES VRH occurs
near ∼10 K for samples Nos. 1 to 4 and ∼40 K for sam-
ples Nos. 5 to 7. The fitting parameters ρM , TM , ρES ,
and TES are listed in Table II.
In the Mott VRH and ES VRH theories, the average
hopping energies of electrons are given by19,21
W hop,Mott =
1
4
kBT
(
TM
T
)1/4
(8)
and
W hop,ES =
1
2
kBT
(
TES
T
)1/2
, (9)
respectively. The hopping energy in Eq. (8) should be
equal to that in Eq. (9) at Tcross, thus the exact value of
Tcross can be written as
Tcross =
16T 2ES
TM
. (10)
The values of the crossover temperature Tcross together
with that estimated from logw-logT plots (written as
T ′cross) are listed in Table II. Since the transition from
the Mott VRH conduction behavior to the ES VRH con-
duction behavior is a smooth process, rather than a sharp
crossover, the slight discrepancy between Tcross and T
′
cross
is physically reasonable.
We further analyze the applicability of the Mott and
ES VRH conduction laws to our films. Combining
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FIG. 7. (color online) (a) Logarithm of resistivity as a func-
tion of T−1/4 for four SnO2 thin films, as indicated. The sym-
bols are the experimental data and the straight solid lines are
least-squares fits to Eq. (3), (b) Logarithm of resistivity as a
function of T−1/2 for four SnO2 thin films, as indicated. The
symbols are the experimental data and the straight solid lines
are least-squares fits to Eq. (5).
Eqs. (4), (6), and (7), the width of the Coulomb gap
can be rewritten as
∆CG = 0.9kB
(
T 3ES
TM
)1/2
. (11)
Thus the values of ∆CG are obtained and also listed in
Table II, from which one can see that ∆CG increases
with increasing oxygen partial pressure. The average
hopping energies W hop,Mott and W hop,ES are calculated
using Eq. (8) and Eq. (9), respectively. The criterion
of Whop,Mott>2∆CG in the Mott VRH theory
24 requires
a temperature higher than ∼5 K, ∼7 K, and ∼40 K for
samples Nos. 1 to 3, No. 4, and Nos. 5 to 7, respectively.
Taking account of the crossover temperatures listed in
Table II, we can see that the criterion of the Mott VRH
conduction is fully satisfied for all samples. However, the
requirement of W hop,ES<∆CG in the ES VRH theory is
hardly satisfied for all samples, since it requires tempera-
tures to be lower than ∼2 K and ∼10 K for samples Nos.
61 to 4 and Nos. 5 to 7, respectively. The discrepancy be-
tween experimental results and theoretical predictions in
the W hop,ES was also observed in other systems,
17,24,25
which still needs further investigation.
IV. CONCLUSION
In summary, we systematically investigated the charge
transport processes of SnO2 thin films, which were de-
posited by rf sputtering method at different oxygen par-
tial pressures, from 380 K down to liquid helium tem-
peratures. The influences of oxygen partial pressure on
the structures and optical properties were also studied.
The preferred crystal growth direction as well as the sur-
face morphology of the films can be tuned by varying
oxygen partial pressure in the deposition process. All
films reveal relatively high transparency in the visible
range, and both the transmittance and optical band gap
increase with increasing oxygen partial pressure. In the
temperature range 80 K.T.380 K, the NNH conduction
process together with two thermal activation conduction
processes, one from the shallow donor levels and the other
from the intermediately deep donor levels, are the main
charge transport mechanisms. Below ∼80 K, the Mott
type and ES type VRH sequentially governs the conduc-
tion processes with decreasing temperature. Our work
establishes a quite complete picture of the overall electri-
cal conduction mechanisms in the SnO2 polycrystalline
films from liquid-helium temperatures up to 380 K.
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